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Abstract 

Hydroxo-bridged dinuclear copper(U) complexes of the tetradentate diazine ligand PTPH (1,4-di-(2’-pyridylthio)- 
phthalazine) [(Cu,(PTPH)(OH)X,) (X = Cl (I), Br (II)) were synthesized by the aerial oxidation of copper(I) 
complexes, prepared m srtu. A dinuclear copper(l) perchlorate complex of PTPH [CU~(PTPH)~](CIO&.~CH,CN 
(III) was also isolated, which involved two adjacent tetrahedral copper(I) centers bound between two tetradentate 
ligands. I crystallizes in the monochnic system, space group P2,/n, with a =11.065(2), 6= 12.907(6), c=20,053(2) 
A, /?=90.59(1)“, and four formula units per umt cell. III crystalhzes in the trlclmic system, space group Pl, with 
a = 11.220(4), b = 11.397(3), c= 10.561(3) A, a=92.92(2), p= 115.32(2), y= 108.22(2)” and two formula units per 
unit cell. Attempts to synthesize hydroxo-bridged complexes in aqueous medmm were unsuccessful, and in basic 
medium resulted in the decomposition of the ligand. This was confirmed by the prelimmary X-ray structure of 
the product of the reaction of PTPH with CuCl, in MeOH/NEt,, which indicated the ligand fragment to be l- 
methoxy-4-(2’-pyridylthio)phthalazme (PTPO) m a unique structural arrangement mvolving three different mono- 
nuclear copper centers m [Cu(PTPO),(H,O)][CuCl~][Cu(PTPO)Cl~] .2.8HZ0 (IV). IV crystallizes m the 
monoclinic system, space group P2,/c, with a = 15.386(6), b =25.248(7), c = 13.95(2) A, fi = 110.71(5)” and four 
formula units per unit cell. The dinuclear copper(I1) complexes have low room temperature magnetic moments 
and variable temperature magnetic measurements show moderately strong antiferromagnetic coupling ( - 2T> 360 
cm-‘). Compounds I and II exhibit two-electron reduction steps at positive potentials 0.41-O 43 V (versus SCE) 
to produce rearranged dinuclear copper(I) species. 

Introduction 

In previous papers we have reported a series of 
studies on din&ear and tetranuclear complexes of the 
tetradentate, N,, diazine ligands 1,4-di-(2’-pyridyl- 
thio)phthalazine (PTPH) and 3,6-di-(2’-pyridyl- 
thio)pyridazine (PTP) [l-6] (Fig. 1). These two ligands 
usually form halogen-bridged dinuclear copper(U) com- 
plexes when they are reacted directly with copper(I1) 
halides, even in solvents containing appreciable amounts 
of water [6], and the direct synthesis of hydroxy-bridged 
species, so common with the pyridylaminophthalazine 
(PAPR = 1,4-di-(2’-pyridyl(R)amino)phthalazine) li- 
gands ([Cu,(PAPR)(OH)X,J (X= Cl, Br, 103, N03, 
S04, etc.)) in water [7], has been unsuccessful, despite 
an earlier report to the contrary [2]. In the case of 
PTP the use of triethylamine was necessary to produce 
the complexes [CudPTP)(OH)X,] (X = Cl, Br) [5], and 
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Fig 1. Structures of PTPH and PTP 

although these compounds have not been structurally 
confirmed, their magnetic and spectral properties clearly 
indicate them to be hydroxy-bridged derivatives [5]. 
The case for PTPH is different, and reaction with 
copper(I1) halides in methanol/H,O/NEt, does not pro- 
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duce hydroxy-bridged species, but instead ligand de- 
composition occurs. It is interesting to note that hydroxy- 
bridged copper(I1) nitrate complexes of PTPH and PTP 
were, however, synthesized directly in MeOH/H,O or 
CHCl,/CH,CN mixtures [2, 61. 

In this report we describe the synthesis of hydroxo- 
bridged dmuclear copper(I1) halide complexes of PTPH 
by an unusual synthetic procedure, in which the 
copper(I) complexes are oxidized m situ by reaction 
with air. The variable temperature magnetic properties 
and electrochemical properties of these systems will be 
discussed and compared with relevant compounds, 
which are structurally similar. Variable temperature 
magnetism has also been carried out on 
[Cu,(PTP)(OH)(NO,),] (V) [2], which has been pre- 
viously reported. 

Experimental 

Physical measurements 
C, H and N analyses were carried out by the Canadian 

Microanalytical Service, Delta, Canada. Room tem- 
perature magnetic moments were measured by the 
Faraday method using a Cahn 7600 Faraday magnetic 
susceptibility system. Variable temperature magnetic 
susceptibility data were obtained in the range 4-300 
K by using an Oxford Instruments superconductmg 
Faraday magnetic susceptibility system with a Sartorius 
4432 microbalance. A main solenoid field of 1.5 T and 
a gradient field of 10 Tm-’ were employed. 

IR spectra were recorded using a Mattson Polaris 
FTIR spectrometer and electronic spectra with a Cat-y 
5E instrument. Electrochemical measurements were 
made with a BAS CV-27 voltammograph and a Hewlett- 
Packard X-Y recorder. The electrochemical cell con- 
sisted of a Pt wire auxiliary electrode, an SCE reference 
electrode and a glassy-carbon disk working electrode. 
All measurements were carried out in DMF (0.1 M 
TEAP) under a nitrogen atmosphere with 1 mM complex 
concentrations. 

Synthesir of complexes 

[Cu, (PTPH) (OH)Ci3]. 1.2CHC1, (I) and 
[Cu, (PTPH) (OH)Br,] . CHCI, . H,O (II) 
Copper powder (0.19 g, 3.0 mmol) was added to a 

solution of CuCI, .2H,O (0.171 g, 1.0 mmol) in CH,CN 
(20 ml), the mixture stirred under a nitrogen atmosphere 
until the solution became colorless, and then it was 
filtered into a solution of PTPH (0.175 g, 0.50 mmol) 
in CHCl, (20 ml) under a nitrogen atmosphere. The 
resulting dark red solution was allowed to stand at 
room temperature exposed to air for several weeks. 
The color of the solution changed gradually from red 

to brown and then to green. After leaving the green 
solution for a few days, dark green crystals formed 
which were filtered off, washed with CH,CN and CHCl, 
and air dried. Yield 0.105 g. The crystals lost solvent 
slowly m air. A crystalline sample was kept under the 
mother liquor for subsequent low temperature structural 
analysis. Anal. Calc. for Cu,S,N,OC,,H,,Cl, .1.2CHCl,: 
C, 31.07; H, 193; N, 7.55. Found: C, 31.04; H, 2.04; 
N, 7.63%. This sample lost some chloroform on exposure 
to air prior to analysis. II was prepared in a similar 
manner, but the copper(I) solution took much longer 
to oxidize. Anal. Calc. for Cu,S,N,O,C,,H,,Cl,Br,: C, 
26.24; H, 1.85; N, 6.44. Found: C, 26.07; H, 1.66; N, 
6.26%. 

(Cu, (PTPH),/(ClO4), .2CH,CN (III) 
Copper powder (0.19 g, 3.0 mmol) was added to a 

solution of Cu(CIO,),. 6H,O (0.15 g, 0.4 mmol) in 
CH,CN (40 ml). The mixture was stirred under a 
nitrogen atmosphere until the solution became colorless, 
and then it was filtered into a solution of PTPH (0.175 
g, 0.50 mmol) in CHCl, (10 ml) under a nitrogen 
atmosphere. The resulting deep red solution was allowed 
to stand at room temperature for several days, Red 
crystals formed, which were filtered off, washed with 
CH,CN and CHCl, and air dried. Yield 0.145 g. Anal. 
Calc. for Cu,S,N,,O,C,,H,,Cl,: C, 43.48; H, 2.74; N, 
12.68. Found: C, 43.27; H, 2.55; N, 12.40%. 

uCu(PTPO), (H,O)][CuC1,][Cu(PTPO)Cl,]) (IV,) 
PTPH (0.175 g, 0.50 mmol) was dissolved in hot 

methanol (40 ml) and triethylamine (1.26 g, 1.25 mmol) 
was added. This solution was added to a solution of 
CuCI,. 2Hz0 (0.213 g, 1.25 mmol) in H,O (10 ml). The 
green solution was refluxed for 30 min and then filtered 
to remove some brown insoluble material. The yellowish 
green filtrate was left at room temperature for several 
days and a deep green crystalline product formed, which 
was filtered off, washed with ethanol and air dried. 
Yield 0.12 g. Crystals suitable for X-ray determination 
were obtained by diffusion of ethyl ether mto a CH,OH/ 
H,O (4:l) solution of IV. 

Ku, VW (Oft) (NO,),1 K) 
PTP (0.15 g, 0.5 mmol) was dissolved in CHCI, (10 

ml) and a solution of Cu(NO,),.3H,O (0.24 g, 1.0 
mmol) in CH,CN (30 ml) added. The resulting deep 
blue colored solution was kept at room temperature 
overnight, whereupon deep blue crystals formed, which 
were filtered off, washed with CH,CN and air dried. 
Yield 0.165 g. Anal. Calc. for Cu,S,N,O,,C,,H,,: C, 
26.76; H, 1.77; N, 15.60. Found: C, 26.83; H, 1.80; N, 
15.64%. This compound has been prepared previously, 
but by a different route [2]. 



Crystallographic data collection and refinement of the 
structures 

[CIA, (PTPH) (0H)ClJ .l.5CHC13 (I) 
The diffraction intensities of a green irregular crystal 

of I of approximate dimensions 0.300 X 0.300 X 0.300 
mm were collected using a Rigaku AFC6S diffractometer 
with graphite monochromatized MO Ka radiation. Cell 
constants and the orientation matrix were obtained by 
least-squares refinements of the setting angles of 16 
carefully centered reflections in the range 
44.63 < 20 < 49.18”. Based on a statistical analysis of the 
intensity distribution, and the successful solution and 
refinement of the structure, the space group was de- 
termined to be P2,ln (No. 14). Machine and data 
collection parameters and crystal data are given in 
Table 1. The data were collected at - 80( 1) “C using 
an ~20 scan technique to a maximum 20 value of 
50.0”. Omega scans of several intense reflections, made 
prior to data collection, had an average width at half- 
height of 0.32” with a take-off angle of 6.0”. Scans of 
(1.30+ 0.30 tan 0)” were made at a speed of 8.0”/min 
(in w). The weak reflections (I< lO.Oa(1)) were re- 
scanned (maximum of two rescans) and the counts 
were accumulated to assure good counting statistics. 
The ratio of peak counting time to background counting 
time was 2:l. A total of 5583 reflections was collected. 
The intensities of three representative reflections, which 
were measured after every 150 reflections, remained 
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constant throughout data collection (no decay correction 
applied). An empirical absorption correction was ap- 
plied, using the program DIFABS [S], which resulted 
in transmission factors ranging from 0.81 to 1.00. The 
data were corrected for Lorentz and polarization effects. 

The structure was solved by direct methods [8-111. 
The non-hydrogen atoms were refined anisotropically. 
The final cycle of full-matrix least-squares refinement 
was based on 3869 observed reflections (1>3.00$)) 
and 344 variable parameters and converged with un- 
weighted and weighted agreement factor of R= 
ClpOl - IFcj/clF,,l = 0.052 and R, = [(Cw(lFOl - IF,/)“/ 
%vF,~)]~‘~ = 0.054. Th e standard deviation of an ob- 
servation of unit weight was 2.96. The weighting scheme 
was based on counting statistics and included a factor 
(p= 0.01) to downweight the intense reflections. Plots 

of ~w(l~0]- IFcl)” versus IF& reflection order in data 
collection, sin 8/A, and various classes of indices showed 
no unusual trends. The maximum and minimum peaks 
on the final difference Fourier map corresponded to 
1.11 and - 1.15 electrons/A3, respectively, and have no 
chemical significance. Neutral atom scattering factors 
[ 1 l] and anomalous dispersion terms [ 12,131 were taken 
from the usual sources. All calculations were performed 
using the TEXSAN [14] crystallographic software pack- 
age using a VAX 3100 workstation. The hydrogens, 
except the hydroxy hydrogen, were placed in calculated 
positions with their thermal parameters set to 20% 

TABLE 1. Summary of crystal, mtensrty collectton and structure refinement data for I and III 

I III 

Formula CuG%N@C,9 sH,, sCl,5 CUCIO&N&H,~ 
Crystal color dark green deep red 

Formula weight 777.98 552.49 

Crystal system monoclmic trtchnic 

Space group P2,ln Pi 

a (4 11.065(Z) 11.220(4) 

b (A) 12.907(6) 11.397(3) 

c (A) 20.053(2) 10.561(3) 

ff (“) 90.0 92.92(Z) 

P (“) 90.59(l) 115.32(2) 

Y (“) 90.0 108.22(2) 

v (A3) 2864( 1) 1132 4(7) 

&I, (g cm-“) 1 804 1.620 

z 4 2 

Absorption coefficient p (cm-‘) 23.60 12.98 

Radtation, A (A) MO Kq 0.71069 MO Kq 0.71069 

T (“C) -80 25 
F(OOO) 1540 560 

Scan rate (” min-‘) 80 16.0 

2%,, (“) 50.0 52.1 

Data collected 5583 4703 

No unque data 3869 (I> 30(I)) 2707 (I> 30(I)) 

No variables 344 299 

GOF 2.96 2.24 
R 0 052 0 046 

RW 0 054 0 043 
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higher than their bonded partners. The hydroxy hy- 
drogen was found in a difference map. Two chloroform 
solvent molecules were found, one disordered at a 
special position. The atomic coordinates are given in 
Table 2. For hydrogen atom coordinates (Table Sl), 
and thermal parameters (Table S2), see ‘Supplementary 
material’. 

ZZZ and ZV 

The same procedures were used for these compounds. 
Crystal and other data for III are listed in Table 1, 
and atomic coordinates are listed in Table 3. For 
hydrogen atom coordinates (Table S3) and thermal 
parameters (Tables S4), see ‘Supplementary material’. 
Full structural details for IV are not reported because 
of the presence of non-stoichiometric solvent m the 

TABLE 2. Final atomic posItIona parameters and B,, values for 
[Cu,(PTPH)(OH)Cl,] l.SCHCl, (I) 

Atom x Y z B-l 

Cu(l) 
cm 
Cl(l) 
cw 
(x3) 
W4) 
CK5) 
Cl(6) 
CV7) 
(x8) 
C](9) 
S(1) 
S(2) 
O(1) 
N(1) 
N(2) 
N(3) 
N(4) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
WO) 
Wl) 
C(l2) 
W3) 
C(l4) 
W5) 
C(l6) 
C(l7) 
C(l8) 
CU9) 
C(20) 

0.84225(7) 
0.84202(7) 
0.6956(2) 
0.7462( 1) 
0.7032(2) 
0.4817(3) 
0 4059(5) 
0.6135(7) 
0 406(l) 
0 5988(7) 
0.511(2) 
1.1047(2) 
1.1078(2) 
0 8132(3) 
0 8913(5) 
10119(4) 
10114(4) 
0 8879(5) 
0 8148(6) 
0 8386(6) 
0 9470(7) 
1.0309(6) 
0.9986(6) 
1.1130(6) 
1.2297(5) 
13401(6) 
1 4450(6) 
1.4460(6) 
1.3396(6) 
1 2284(5) 
11144(6) 
0 9943(6) 
1.0185(7) 
0.9276(g) 
0.8202(7) 
0 8034(6) 
0 531(l) 
0.471(2) 

_ 

0.13858(6) 
0.15407(6) 
0.0624( 1) 
0.2918(l) 
0 0834(l) 
0 3841(3) 
0 5045(5) 
0.5603(4) 
0 0752(6) 
0.0564(7) 
0.023(2) 
0 1280(2) 
0 1700(2) 
0.0586(3) 
0.2314(4) 
0.1553(4) 
0.1650(4) 
0.2625(5) 
0 3044(6) 
0 3686(6) 
0 3573(6) 
0.2861(6) 
0 2249(6) 
0 1546(5) 
0 1684(5) 
0 1687(5) 
0 1799(6) 
0.1899(6) 
0.1906(6) 
0.1783(5) 
0 1736(5) 
0.2621(6) 
0.3296(6) 
0.3978(6) 
0.4002(6) 
0 3314(6) 
0 460( 1) 
0 025(2) 

0.91789(4) 
1.06813(4) 
0.85689(9) 
0 98616(9) 
1 1360(l) 
0 8210(2) 
0.9308(2) 
0 8585(4) 
0.538(l) 
0 5540(7) 
0 4260(4) 
0 83989(9) 
1 1488(l) 
0 9966(2) 
0.8434(3) 
0.9594(3) 
1 0273(3) 
1.1354(3) 
0 8214(4) 
0.7684(4) 
0.7357(3) 
0.7593(3) 
0.8130(3) 
0 9270(3) 
0.9594(3) 
0 9240(4) 
0 9599(4) 
1.0289(4) 
1.0636(4) 
1.0288(3) 
1 0608(3) 
1 1683(3) 
1.2210(4) 
12401(4) 
1 2052(4) 
1 1533(4) 
0.8874(6) 
0.505( 1) 

153(3) 
1 57(4) 
2.39(8) 
2.00(7) 
2.50(8) 
8.0(2) 

21.7(5) 
20.1(5) 

15(l) 
8 3(5) 

18(l) 
2.39(8) 

2 9U) 
15(2) 
1 s(3) 
14(2) 
1 6(2) 
2.1(3) 
2.2(3) 

2 5(3) 
2 7(4) 
2 4(3) 
2.0(3) 
1.6(3) 
1.6(3) 
2.3(3) 

3 l(4) 
2 9(4) 
2 4(3) 
15(3) 
19(3) 
2 l(3) 
3 O(4) 
3 5(4) 
3.0(4) 

2 6(3) 
9 3(9) 
6(l) 

B,,=(8~/3)Zj=,~~_,U,,a*,a:g, 5,. 

TABLE 3 Fmal atomic posItIona parameters and B,, values for 
[Cu,(PTPH),] . (ClO& 2CH,CN (III) 

Atom x Y z Be, 

Wl) 
Cl(l) 
S(l) 
S(2) 
O(1) 
O(2) 
O(3) 
O(4) 
N(1) 
N(2) 
N(3) 
N(4) 
N(5) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
WO) 
C(l1) 
C(l2) 
C(l3) 
CU4) 
C(15) 
W6) 
C(l7) 
CV8) 
C(l9) 
C(20) 

0.52408(S) 
0.0457(2) 
0.3284(2) 
0.2338(2) 
0 0564(5) 
0 1784(5) 
0.0496(6) 
0.0014(7) 
0.5990(5) 
0.3528(4) 
0.3331(4) 
0 5186(5) 
0.4886(7) 
0 7312(6) 
0 7737(7) 
0 6803(8) 
0 5447(7) 
0 5076(6) 
0 2828(5) 
0.1807(5) 
0.1105(6) 
0.0153(6) 
0 0161(6) 
0.0536(6) 
0 1546(5) 
0 2410(5) 
0.4104(6) 
0.4268(7) 
0.5650(9) 
0.6764(7) 
0.6493(7) 
0 5977(S) 
0 7386(S) 

- 0.02520(7) 
0.3217(2) 
0.0333(l) 
0.1234(2) 
0.3593(4) 
0 3334(5) 
0 1988(5) 
0 4037(7) 
0 1218(4) 
0 0173(4) 
0 0373(4) 
0.2033(4) 
0.3300(6) 
0.2094(6) 
0.3191(6) 
0.3422(h) 
0.2552(6) 
0.1473(5) 
0 0527(5) 
0 1081(5) 
0 1522(5) 
0 2042(6) 
0 2134(6) 
0.1745(6) 
0 1225(5) 
0 0894(5) 
0 2418(5) 
0 3627(6) 
0 4517(6) 
0 4148(6) 

0 2911(6) 
0.4050(6) 
0 5053(7) 

0 35834(8) 
0.7464(2) 
0 0723(2) 
0 6044(2) 
0 6250(5) 
0.8553(5) 
0 7091(6) 
0 8022(7) 
0.2781(5) 
0 3297(4) 
0.4494(5) 
0 7338(5) 
0 4228(7) 
0 3487(6) 
0 3037(7) 
0 1832(7) 
0 1101(h) 
0 1623(6) 
0 2119(5) 
0 1963(6) 
0 0738(6) 
0 0675(6) 
0 1815(7) 
0.3047(7) 
0 3154(6) 
0 4411(6) 
0.7061(5) 
0.7544(6) 
0.8335(7) 
0 8602(6) 
0 8084( 6) 
0 4846(7) 
0 5666(7) 

3 17(3) 
4 78(7) 
3.46(5) 
3.82(6) 
6.2(2) 
6.8(2) 

11.7(3) 
10.9(3) 
2.9(2) 
2.5(l) 
2.5(l) 

3 l(2) 
6 5(3) 
3 5(2) 
4 O(2) 

4 2(2) 
3 7(2) 
2.8(2) 

2 5~2) 
2 6(2) 
3.2(2) 

4 O(2) 
4 6(3) 
3 8(2) 
2.7(2) 
2.5(2) 
3.0(2) 
4.1(2) 
5.0(3) 
4.6(2) 
3.8(2) 

4 3(3) 
6 O(3) 

lattice, and the fact that the sample decomposed in 
the X-ray beam. Current refinement (R= 0.109, 
R,=0.093) has, however, estabhshed the presence of 
the three copper containmg fragments and the gross 
structure. 

Results and discussion 

X-ray crystal structures of complexes Z, ZZZ and ZV 
A perspective view of I is shown in Fig. 2, and selected 

bond distances and angles relevant to the copper co- 
ordination spheres are given in Table 4. The two square- 
pyramidal copper(I1) centers are bound m a triple 
bridged arrangement involving an axial chloro bridge, 
and equatorial hydroxo and phthalazine bridges. The 
angle at the hydroxo bridge is 104.0(2)“, the angle at 
the chlorine bridge is 69.87(5)“, and the copper-copper 
separation is 3.019(l) A. The two equatorial cop- 
perxhlorme bonds are relatively short (Cu(l)-Cl(l) 
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Fig. 2. Structural representation of [Cu(PTPH)(OH)Cl,] 
l.SCHCl, (I) with hydrogen atoms omitted (40% probabthty 
thermal ellipsoids). 

TABLE 4. Interatomic distances (A) and angles (“) relevant to 
the copper coordmation spheres m [Cu,(PTPH)(OH)CI,] 
LSCHCI, (I) 

cu(l)-cl(1) 

Cu(l)W(l) 
Cu(l)-N(1) 
Cu(l)-N(2) 
Cu(2)<1(3) 

Cu(2)-0(1) 
Cu(2)-N(3) 
Cu(2)-N(4) 
Cu(l)Cl(2) 
Cu( l)-Cu(2) 
Cu(2)<1(2) 
0(1)-H(l)* 

2 248(2) 
1.915(4) 
1994(5) 
2 057(5) 
2.256(2) 
1916(4) 
2 059(5) 
2 006(6) 
2 636(2) 
3.019(l) 
2.637(2) 
0 874 

cl(1)-cu(l)-o(1) 
Cl(l)-Cu(l)-N(1) 
Cl(l)-Cu( 1)-N(2) 
O(l)-Cu(l)-N( 1) 
0( 1)-Cu( 1)-N(2) 
N(I)-Cu(l)-N(2) 
C1(3)-Cu(2)-O(1) 
Cu( l)-O( I)-Cu(2) 
C1(3)-&(2)-N(3) 
C1(3)-Cu(2)-N(4) 
O(l)-Cu(2)-N(3) 
O(l)-Cu(2)-N(4) 
N(3)-Cu(2)-N(4) 
Cu(l)-C1(2)Cu(2) 
Cu( l)-0( 1)-H(l)* 
Cu(2)-0( 1)-H( 1)’ 

95.0( 1) 
93.2(2) 

156.4(2) 
171.8(2) 

83.3(2) 
89.2(2) 
94.7(l) 

104 O(2) 
153.7(2) 

92 6(2) 
83.7(2) 

172 6(2) 
89 7(2) 
69.87(5) 

110.0(2) 
97 O(2) 

2.248(2), Cu(2)-Cl(3) 2.256(2) A), but the apical chlo- 
rine distances are quite long (Cu(l)-Cl(2) 2.636(2), 
Cu(2)-C1(2) 2.637(2) A). The copper atoms are dis- 
placed slightly from the basal N&l0 mean planes which 
can be considered to define the basal planfs of the 
copper s uare-pyramids (Cu(1) 0.250(4) A, Cu(2) 
0.282(4) w ) towards C1(2), with a dihedral angle of 
45.6” between the mean basal planes. Structurally I 
resembles the analogous complex [Cu,(PAP)(OH)Cl,] . 
1.5H,O [15] (PAP = 1,4-di-(2’-pyridylamino)phthal- 
azine), which mvolves two almost identical copper 

square-pyramids bridged in the same fashion. The 
Cu-Cu separation in I is slightly longer, and the 
Cu-OH-Cu angle slightly larger (average 100.9” in PAP 
complex). The ‘bite’ of each ligand is clearly comparable, 
and the slight differences in dinuclear center dimensions 
can, no doubt, be attributed to the longer C-S bonds 
in PTPH, compared with the C-N bonds in PAP. A 
unique feature of I, rarely seen in systems of this sort, 
is the hydroxide proton, located in a difference map. 
The angles subtended by the two coppers and the 
hydrogen atom at O(1) are closer to the tetrahedral 
angle than 120”, associated with a trigonal planar oxygen, 
and the solid angle (312”) implies little rehybridization, 
typical of so many alkoxy- and phenoxy-bridged di- 
nuclear copper(I1) complexes. 

The structure of III is shown in Fig. 3, and interatomic 
distances and angles relevant to the copper coordination 
spheres are given in Table 5. The dinuclear cation 
consists of two pseudo-tetrahedral copper(I) centers, 
separated by 3.313(2) 8, and bridged by two phthalazine 
groups, and forming an almost planar Cu,N, hexagonal 
heterocyclic ring. Each ligand is bent in a ‘lobster-like’ 
cis conformation with both pyridine rings oriented on 

Fig. 3. Structural representation of [CU~(PTPH)~] (C10,)2- 
2CH3CN (III) wtth hydrogen atoms omitted (40% probabihty 
thermal ellipsotds) 

TABLE 5. Interatomic distances (A) and angles (“) relevant to 
the copper coordmation spheres m [CU~(PTPH)~](C~O& 
2CHaCN (III) 

Cu(l)-N(1) 2.026(4) N(l)-Cu( 1)-N(2) 92.9(2) 
Cu(l)-N(2) 2.030(4) N(l)-Cu( 1)-N(3) 115.1(2) 
Cu(l)-N(3) 2.023(4) N( l)-cu( 1)-N(4) 119.6(2) 
Cu(l)-N(4) 2 022(5) N(2)-Cu(l)-N(3) 123 4(2) 
Cu( 1)-Cu(l)’ 3.313(2) N(2)-Cu(l)-N(4) 115.8(2) 

N(3)-Cu(l)-N(4) 92.5(2) 
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the same side of the phthalazine group. Within each 
ligand the pyridine rings have dihedral angles of 124.4 
relative to the mean phthalazine plane. The overall 
structure is very similar to that of [Cu,(PTP),](ClO,), 
[3], which has a slightly longer Cu-Cu separation 
(3.422 
2.030 8, 

1) A). Th e copper-nitrogen separations (2.022- 

) are slightly longer than those in [Cu,(PTP),]- 
(ClO,),, but are quite normal. It is of interest to compare 
the structure of III with that of the complex 

[Cu,(dppn>,l(CF,so,>, (dppn = 3,6-bis(2’-pyridyl)- 
pyridazine) [16], which involves a similar N, diazine 
ligand, but which has a rather different ‘bite’. Dppn 
forms five-membered chelate rings at each metal and 
two pairs of ligands bridge two pairs of metals, with 
a planar arrangement of four tetrahedral copper centers 
and two ligands lying above and below the Cu, plane. 
Inevitably the larger ligand ‘bite’ leads to larger 
copper-copper separations (3.566(l), 3.582(l) A). 

The preliminary structure of IV is shown m Fig. 4, 
which includes just the diazine ligand fragments. This 
complex is most unusual and includes three different 
mononuclear copper(I1) centers. One is the familiar 
pseudo-tetrahedral CuCl,‘- anion. The other two m- 
volve the new ligand 1-methoxy-4-(2’-pyridylthio)- 
phthalazine (PTPO). In one case a square-pyramidal 

copper (Cu(2)) ’ b is ound equatorially to two bidentate 
N, hgands, via one phthalazine and the pyridme ni- 
trogen, with an axial contact to a water molecule. Cu(1) 
is four-coordinate, bonded to a similar bidentate PTPO 
ligand and two chlorines in a distorted square-planar 
arrangement. The copper-ligand distances are typical 
for species of this sort. Although this crystal gave a 

good data set and solved easily, the final refinement 
was poor. This was attributed to the presence of non- 
stoichiometric water at several sites in the unit cell. 
The results nevertheless clearly account for the three 
unique copper fragments. 

The basic structure of V was estabhshed by a pre- 
liminary X-ray study. The two copper(I1) centers are 
bridged just by the pyridazine unit and a hydroxide, 
with a large Cu-(OH)-Cu bridge angle. However the 
poor current refinement, due to a disorder problem, 
prevents a detailed analysis of the structure at this 
time [17]. 

Reactions 

The difficulty of synthesizing hydroxo-bridged di- 
nuclear copper(I1) halide complexes of PTP led to the 
use of the NEt,/MeOH/H,O mixture, with the formation 
of [Cu,(PTP)(OH)X,] (X=Cl, Br) [5]. Since similar 

Fig. 4. Structural representation of [Cu(PTPO),(H,O)][CuCI,][Cu(PTPO)C1,] (IV) h s owmg only the two PTPO fragments 
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problems were encountered in the synthesis of cor- 
responding PTPH complexes in aqueous alcoholic me- 
dia, with the formation of Cu2(PTPH)X4 (X= Cl, Br) 
only [6], the same approach was tried with PTPH. 
However the expected products were not obtained and 
ligand decomposition occurred. The structure of IV 
reveals that a unique organic product results, and the 
nature of the phthalazine, PTPO, indicates that hy- 
drolysis of PTPH has occurred. Base induced attack 
by methanol at a phthalazine carbon adjacent to the 
coordinated nitrogen could reasonably be enhanced by 
the electron withdrawing inductive effect of four co- 
ordinated chlorines in a dinuclear species like 
Cu2(PTPH)C14, which would clearly exist initially in 
the reaction mixture [6]. No pyridine thiol was detected, 
but in the presence of excess copper(I1) salt a spon- 
taneous redox reaction would have occurred eliminating 
the thiol with the formation of a copper(I) species. 
This presumably corresponds to the unidentified, in- 
soluble material formed in the reaction. The question 
of why the same reaction does not appear to occur 
with PTP is pertinent, but may be largely a function 
of the inherent properties of the phthalazine moiety 
compared with the pyridazine. It is well known that 
1,4-dichlorophthalazine is much more hydrolytically un- 
stable than 3,6-dichloropyridazme, forming the corre- 
sponding mono-hydroxy species with ease. 

The synthesis of the desired hydroxide-bridged com- 
plexes of PTPH was finally achieved by the oxidation 
of their copper(I) analogues in air. The red solutions 
produced by the reaction of [Cu(CH,CN),]X (X=Cl, 
Br) in acetonitrile with PTPH can reasonably be as- 
sociated with species like the air stable, red, dimeric 
complex [Cu,(PTPH),](ClO,), (III), and in fact have 
identical electronic spectra. The irreversible oxidation 
of copper(I) complexes by oxygen to give hydroxo or 
alkoxo complexes is common [18, 191, but the mech- 
anisms of such reactions are not well understood. It 
is presumed that they proceed through the initial for- 
mation of a dioxygen-copper complex, Cu2-02, which 
then undergoes further reduction or reaction to give 
0x0 and/or hydroxy products derived from fully four- 
electron-reduced 0, [20-221. We have carried out low 
temperature oxygenations of the dicopper(1) complexes 
[CuZ(L)J(CIO& (L= PTPH, PTP) in the hope of trap- 
ping the intermediate Cu-0, species. The copper(I) 
complexes of these two ligands seem very stable and 
their red color does not change even after bubbling 
oxygen at -78, - 25 or 0 “C in methanol-dichloro- 
methane (1:l) mixture for as long as 2 h, or even at 
room temperature overnight. The red copper(I) so- 
lutions prepared from Cu(I)X (X= Cl, Br) behaved 
similarly. 

The high stability of III and its PTP analogue is 
surprising, but may reflect an inherent thermodynamic 

stability of the dinuclear cation or the inability of oxygen 
to attack the copper centers by virtue of some steric 
effect. Access to the copper centers from the ends of 
the molecule is probably impeded by the sulfur lone 
pairs, which project over the ends of the cation, and 
it would seem reasonable that significant reorganization 
of the dinuclear species would be required before 
oxidation could proceed. Electrochemical studies for 
III in DMF (GC/Pt/SCE) show an irreversible CV wave 
at El,,= +0.30 V (A&,= 370 mV) indicating a ther- 
modynamically viable oxidation, but one which must 
involve considerable molecular reorganization. The role 
of halide ion is, therefore, considered to be important 
and it is significant that for the oxidation reaction 
involving copper(I) chloride, after extended exposure 
to air, the rate of oxidation, although still low, was 
higher than for bromide. Perhaps the initial step in 
the process involves attack by halide, splitting the 
dinuclear complex cation up into two mononuclear 
three-coordinate species, in which the copper is bound 
at one end of the ligand only. Reaction with excess 
copper(I) chloride could then produce a 1:2 dinuclear 
three-coordinate species, involving copper chlorine 
bonds, which would render the copper centers more 
electrophilic (an effect which would diminish in the 
presence of bromide) and thus more susceptible to 
oxidation than the original 1:l dinuclear species. Since 
the ultimate product is a hydroxy-bridged species the 
involvement of atmospheric water in the oxidation step 
seems inevitable, and a two-electron oxidation of the 
1:2 copper(I) species, combined with coordination of 
adventitious chloride would complete the process. The 
addition of small amounts of water does in fact speed 
up the oxidation process, confirming the involvement 
of water in the oxidation step. 

Additional support for these suggestions comes from 
two key experiments in which compound III was reacted 
with air in acetonitrile in the presence of tetraethyl- 
ammonium chloride and tetrabutylammoniurn bromide 
for an extended period. Green crystalline materials 
were produced, which were shown to be identical to 
the hydroxy-bridged complexes I and II, respectively. 

The analogous PTP compounds, Cu,(PTP)(OH)X, 
(X = Cl, Br) [3], can also be prepared from Cu(1) halide 
reactions in the presence of air m a similar manner. 

Spectroscopy and magnetism 
IR spectra of I and II are almost identical in the 

range 4000-500 cm-l, indicating the likelihood of a 
similar dinuclear structural arrangement in II. The sharp 
absorption at 3599 (I) and 3584 (II) cm-l confirms 
the presence of a hydroxide bridge in II. In the far- 
IR two prominent bands at 295, 275 cm-’ for I and 
272, 240 cm-’ for II indicate copper(I1) centers are 
coordinated by terminal and bridging halogens. 
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Electronic spectra (mull transmittance) for I and II 
have major visible d-d absorptions at 655 and 680 nm, 
respectively, consistent with square-pyramidal cop- 
per(I1) centers. Complex IV has a more comphcated 
Vis-near-IR spectrum with a major, broad asymmetric 
absorption at 680 nm and a prominent shoulder at 980 
nm. The tetrahedrally distorted CUC~,~- anion would 
be expected to exhibit d-d absorption at relatively low 
energy and would reasonably be associated with the 
980 nm band. The broad band at 680 nm is associated 
with both the square-pyramidal [CU(PTPO),(H,O)]~+ 
and distorted square-planar [Cu(PTPO)Cl,] species. 
The red copper(I) complex (III) has a solution (CH,CN) 

spectrum dominated by two intense charge transfer 
bands at 277 and 322 nm, associated with the dinuclear 
copper(I) cation. Mixtures of PTPH and excess Cu(I)X 
(X= Cl, Br), produce red solutions in CH,CN with 
identical spectra, indicating the presence of the same 
dinuclear cation in these solutions. 

Room temperature magnetic moments (Table 6) for 
I and II are significantly lower than the spin only value 
for copper( indicating antiferromagnetic coupling 
between the copper centers. Variable temperature 
(4-300 K) magnetic data were obtained for I, II and 
the complex [Cu,(PTP)(OH)(NO,),] (V). A plot of the 
experimental susceptibility data for I is given in Fig. 
5. The NeCl maximum in the profile is higher than 300 
K indicating strong antiferromagnetic coupling between 
the copper centers. The rise in susceptibility at low 
temperatures indicates the presence of a small amount 
of paramagnetic rmpurity. The data were fitted to the 
Bleaney-Bowers expression (eqn. (1)) [23], using the 

xm= 3TTy0) [1+1/3 exp(-21/U)]-‘(1-p) 

(1) 

isotropic (Heisenberg) exchange Hamiltonian 
(3 = - 2J5, S,) for two interacting S = l/2 centers (xm 
is expressed per mole of copper atoms, Na is the 
temperature independent paramagnetism, p is the frac- 
tion of monomeric impurity, and 0 is a corrective term 
for interdimer interactions) [24, 251, using a non-linear 
regression procedure and the best fit line (solid line 

m Fig. 5) was obtained for g=2 15(l), -2T=390(3) 
cm-’ , p = 0.016,8= 0.10 K, TIP= 63 X lo-6 emu. Similar 
data treatments were performed for compounds II and 
V, and the results are listed m Table 6. All complexes 
exhibit moderately strong antiferromagnetic coupling, 
with very small interdimer associations. Without com- 
plete structural data for II and V little can be said 
about such effects, but for I f3 is considered to be small 
enough to be ignored. The substantially larger -21 
value for V suggests that the hydroxide bridge angle 
would be larger than in I and II, in keeping with former 
studies [7], and with the double-bridged arrangement 
present in V. 

The hydroxo-bridged complexes I and II are more 
strongly coupled than similar complexes of PTPH, which 
only have dihalogen bridges [6], and this is a clear 
consequence of replacing an orthogonal arrangement 
of halogen bridges with an equatorial hydroxide. -27 
values for I and II are significantly larger than those 
reported for analogous complexes of PTP 
[Cu,(PTP)(OH)X, (X = Cl, Br) [5], which on face value 
contradicts an earlier observation concerning the ca- 
pacitive action of a fused benzene ring m diazine 
complexes of this sort [5, 61. However a detailed com- 
parison of these systems must await a structural analysis 
on the PTP complexes. 

An internal comparison of I and II indicates that 
the chloro complex is slightly more strongly coupled 
than the bromo complex. Previous studies have shown 
that in isostructural pairs of halide-bridged complexes 
[Cu,(L)X,] (L= PTP, PTPH; X = Cl, Br), the chloride 
complexes are less strongly antiferromagnetically cou- 
pled, due to a stronger electronic inductive effect as- 
sociated with the bonded chlorines [5, 61. However the 
observations for I and II are consistent with data for 
Cu,(PAP)(OH)X, (X = Cl, Br) [7] (- 2J(Cl) = 201 cm-‘; 
-2J(Br)= 190 cm-‘). This may be a result of the 
domination of the exchange situation by the hydroxide 

bridge. What is surprising, however, is the fact that 
exchange integrals for I and II have almost doubled 
m comparison with the PAP complexes. Structurally 
these complexes are all similar, with equatorial inter- 
actions to diazine and hydroxide groups, and axial, 
orthogonal halides. The hydroxide bridge angle in I 
(104.0(2)“) is slightly higher than those found in the 

TABLE 6 Magnetic data 

Compound ~L,R (BW -21 g P R 
(r.t.) (cm - ‘) b) 

[Cu,(PTPH)(OH)CI,] 1.2CHC1, (I) 1 23 390(3) 2.15(l) 0 016 01 0.89 
[Cu,(PTPH)(OH)Br,] CHCI, H,O (II) 1 22 369(4) 2.05(Z) 0 013 40 1.20 
[Cu#‘TP)(OH)(NW,] (V) 1 04 464(11) 2.05(4) 0.022 18 0.99 

R = [X(x,,, - ~ca,c)Z/Z(~obr)2]‘R~ 10’ TIPx 10h emu- 63 (I), 60 (II), 63 (V). 
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TABLE 7. Electrochemical data 

Compound Scan rate 

(mV s-‘) 

E l/2 
(V vs. SCE) 

[Cu,(PTPH)(OH)CI,. 1.2CHC1, (I) 50” 150 0.43 

100 170 0.43 

200 210 042 

[Cu,(PTPH)(OH)Br,] .CHCI,.H,O (II) 100 180 0.41 

[Cu,(PTPH),](CIO,),.2CH,CN (III) 100 370 0.30 

“1 x 10m3 to 5 X 10e4 M complex in DMF, tetraethylammomum perchlorate, glassy-carbon workmg electrode, and saturated calomel 

reference electrode. 

0 0025 r 

0 0020 - 

i 
0 
E 

00015 - 

z 

0 50 100 150 200 150 300 

TEMP(K) 

Frg 5. Magnetrc data for [Cu,(PTPH)(OH)CI,] 1.2CHC1, (I). 

The sohd hne was calculated from eqn. (1) with g=2.15(1), 

-U=390(3) cm-‘, p=OO16, Ncu=63~10-~ cgsu (R=0.89) 

PAP complexes (1009’(Cl); 102.1”(Br)) [15], and would 
only be expected to change the exchange situation by 
a modest amount [7]. Based on our previous analysis 
of the relationship between -2J and the hydroxide 
bridge angle in a series of dinuclear copper PAP(R) 
complexes [7], a change in the Cu-O(H)-Cu angle of 
3” would correspond to a change in -2J of approx. 
70 cm-’ and a hydroxide bridge angle of 104.0” in I 
leads to a calculated -21 value which is much lower 
than observed ( - U,,,, = 255 cm-l). This suggests a 
fundamental difference on the part of the ligand, and 
in particular the role of the diazine bridge. The two 
ligands PAP (1,4-di-(2’-pyridylamino)phthalazme) and 
PTPH differ only with respect to the exocyclic groups 
(S in PTPH and NH in PAP). One factor can be 
considered that might account for the significantly dif- 
ferent role of the phthalazine bridge in these two 
systems. The exocyclic NH groups could attract de- 
localized electron spin density within the fused diazme 
ring more would be the case for the less electronegative 
S in PTPH. This would have the effect of localizing 
exchange coupled spin more within the diazine ring in 
the PAP complexes, leading to reduced net antifer- 
romagnetism. 

Electrochemical data for I and II are listed in Table 
7. Cyclic voltammetry in dried DMF showed a single 

redox wave for each compound with E,,, values in the 
range 0.41-0.43 V (versus SCE), associated with a 
sequential two-electron reduction of the dinuclear com- 
plex to a dinuclear copper(I) species. Controlled po- 
tential electrolysis in DMF at a potential of 0.1 V 
indicated the passage of approximately two electrons 
per mole. A& values vary significantly as a function 
of scan rate, indicating an essentially non-reversible 
redox process. The electrochemical behavior of I and 
II can be compared closely with the halogen-bridged 
dinuclear complexes of PTPH, Cu,(PTPH)X, (X = Cl, 
Br) [6], which show much more reversible waves, as- 
sociated with a two-electron reduction, at essentially 
the same potentials. It is reasonable to assume that 
on reduction significant molecular rearrangement occurs 
for I and II. Complex III exhibits a very broad wave 
at 0.3 V (A& = 370 mV), associated with a two-electron 
oxidation process. The lower E,,, is consistent with the 
absence of any halide, and the very large A,!?, value 
indicates a non-reversible redox process. 

Supplementary material 

Hydrogen atom positional parameters, thermal pa- 
rameters, observed and calculated structure factors and 
full listings of bond distances and angles are available 
on request from the authors. 
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